about its axis is equal to the moves along its axial direction, the backlash can be adjusted and the wear can be compensated through moving the IHB gear along the axial direction. This hourglass worm drive is characterized by high accuracy and high-loading capacity, and can be widely used in artillery, follow-up systems, drive systems of NC, machine tools with gear drives and elevator traction machine.
In this study, the novel backlash-adjustable and wear-compensable hourglass worm drive is proposed. The mathematical equations of this hourglass worm drive are developed based on the gearing meshing theory.
Based on the developed mathematical models, the computerized meshing simulations are carried out to examine the meshing performance. The feature of backlash-adjustable and wear-compensable is analyzed, and the feature of high-loading is confirmed by the tooth contact analysis and stress analysis.
Generating of the hourglass worm drive
The following analyses are based on the hypothesis: the IHB gear tooth surface Σ 1 is known, while the TI worm tooth surface Σ 2 is to be derived.
Coordinate systems
The coordinate systems of this hourglass worm drive are shown in Fig. 1 . The fixed coordinate systems σ m (o m : x m , y m , z m ) and σ n (o n : x n , y n , z n ) indicate the initial position of the IHB gear and the TI worm, respectively.
The movable coordinate system σ 1 (o 1 : x 1 , y 1 , z 1 ) is rigidly connected to the IHB gear, while σ 2 (o 2 : x 2 , y 2 , z 2 ) is rigidly connected to the TI worm. The IHB gear and the TI worm rotate about axes z 1 and z 2 with the angular velocity vectors ω 1 and ω 2 , respectively. The rotating angles are φ 1 and φ 2 at some instant. The shortest distance between axes z 1 and axes z 2 is a. 
The right flank equation of r 1 R can be represented in coordinate system σ m as follows:
where u and θ are the surface parameters of Σ 1 , δ is the half-angle of tooth on the base circle, r b is the radius of base circle, α is the pressure angle of reference circle, β L and β R are the helical angles on the reference circle of the left flank and the right flank, respectively.
As shown in Fig. 1 , the following condition about the helical angles should be satisfied:
Meshing equation
Without losing generality, it is possible to assume that the TI worm rotates with angular velocity ω 1 =1 rad/s, and then the IHB gear rotates with angular velocity ω 2 =i 12 rad/s. According to the known tooth surface Σ 1 , the relative velocity vector at the conjugate point of left flank can be represented in coordinate system σ 1 as follows:
and the relative velocity vector at the conjugate point of right flank can be represented in coordinate system σ 1 as follows:
According to the differential geometry, the unit normal vector of the IHB gear surface Σ 1 on left flank can be represented in coordinate system σ 1 as following:
In the same way, the unit normal vector of the IHB gear surface Σ 1 on right flank can be represented in coordinate system σ 1 as following:
According to the gearing meshing theory (Wu and Luo 1985; Litvin and Fuentes 2004; Wu 2008) , the tooth surface Σ 
In the same way, substituting v 12 R and n 1 R from Eqs. (5) and (7)into Eq. (9), after simplifying, the meshing function of the right flank can be obtained as following:
where
TI worm tooth surface equation
The TI worm tooth surface Σ 2 is enveloped by a series of IHB gear surface Σ
1
. Based on Eqs. (1) and (9), and by coordinate transformation form σ 1 to σ 2 , the TI worm surface equation of the left flank can be represented as following: 
In the same way, using Eqs. (2) and (10), and by coordinate transformation form σ 1 to σ 2 , the TI worm surface equation of the right flank can be represented as following:
3. TCA of the hourglass worm drive
Contact lines
Based on the Eqs. (1) and (9) 
In the same way, based on the Eqs. (2) and (10) can be represented as following:
Eqs. (13) and (14) are considered as simultaneously, and the rotation angle φ 1 is considered as an input quantity, as well as the IHB gear tooth surface and the TI worm tooth surface are in-line contact at every instant.
Meshing limit line
The meshing limit line is enveloped as a series of contact lines on IHB gear tooth surface Σ 1 (Wu and Luo 1985) . By taking the partial derivative of the Eq. (9) with time t, and the meshing limit function of the left flank can be obtained as following:
The meshing limit line on the left flank of IHB gear surface Σ 1 can be represented as:
In the same way, by taking the partial derivative of the Eq. (10) with time t, and the meshing limit function of the right flank can be obtained as following:
The meshing limit line on the right flank of IHB gear surface Σ 1 can be represented as:
Undercutting limit line
The undercutting limit line is enveloped as a series of contact lines on the TI worm tooth surface Σ 2 (Wu and Luo 1985) . According to the differential geometry and gear meshing theory (Litvin and Fuentes 2004; Wu 2008) , the undercutting limit function on the left flank of TI worm tooth surface can be represented as
The undercutting limit line on the left flank of TI worm surface Σ 2 can be represented as:
In the same way, the undercutting limit function on the right flank of TI worm tooth surface can be represented as following:
The undercutting limit line on the right flank of TI worm tooth surface Σ 2 can be represented as:
Induced principal curvature
According on the gearing meshing theory (Litvin and Fuentes 2004; Wu 2008) , the meshing point normal
The meshing point induced principal curvature k ρ of left flank can be represented as:
Substituting Ψ L and a n L into Eq. (24) with the Eqs. (19) and (23), the meshing point induced principal curvature of left flank can be calculated.
In the same way, and the meshing point normal vector of right flank can be represented as:
The meshing point induced principal curvature k ρ of right flank can be represented as:
Substituting Ψ R and a n R into Eq. (26) with the Eqs. (21) and (25), the meshing point induced principal curvature of right flank can be calculated.
Sliding angle
Based on the gearing meshing theory (Litvin and Fuentes 2004; Wu 2008) , the sliding angle on the left flank can be represented as:
and a n L into Eq. (27) with the Eqs. (4) and (23), the sliding angle on the left flank can be calculated.
Also the sliding angle on the right flank can be represented as:
Substituting v 12 R and a n R into Eq. (28) with Eqs. (5) and (25), the sliding angle on the left flank can be calculated.
Theory of backlash-adjustable and wear-compensable

Backlash-adjustable
The characteristics of backlash-adjustable is based on the feature of helicoidal surface, which is that the helicoidal surface rotation about its axis is equal to the translational motion along its axial direction (Wu 2008 ).
On the basis of the left flank equation (1), this feature can be proofed as follows:
(i) Rotating this surface about its axis z 1 with angle ϕ, and the new surface Σ R can be represented as:
(ii) Moving this surface along its axial direction z 1 with displacement h, and the new surface Σ M can be represented as: 
where ϕ L and ϕ R are the rotating angle of the left flank tooth surface and the right flank tooth surface, respectively.
According to the geometric relationship in Fig. 2 , the follow equation can be obtained:
From Eq. (34) we also can be found that: i) When β L =β R , this hourglass worm drive cannot adjust the backlash and it is the conventional TI worm drive; ii) When β L >β R , the backlash of hourglass worm drive can be adjusted by moving the IHB gear along the direction as shown in Fig. 2 ; iii) When β L <β R , the backlash of hourglass worm drive can be adjusted by moving the IHB gear along the reverse direction as shown in Fig. 2 .
Therefore, the backlash of this novel hourglass worm drive can be adjusted by moving the IHB gear along its axial direction. So the backlash can be adjusted to non-backlash or little backlash.
Wear-compensable
The characteristics of wear-compensable are based on the materials of IHB gear and TI worm. Because of the IHB gear material is quenched bearing steel and the TI worm material is quenched and tempered structural steel, the tooth surface of TI worm will be worn while the tooth surface of IHB gear will be not.
The diagrammatic sketch of compensating the wear in this hourglass worm drive is shown in Fig. 3 . Fig.   3(a) shows the hourglass worm drive with non-backlash. Fig. 3(b) shows the hourglass worm drive after normal operation, and the tooth surface of TI worm has been worn while the tooth surface of IHB gear has not been worn, as well as the backlash on the reference circle of IHB gear is δ s . Fig. 3(c) The moving displacement h s can be calculated as following: Yan Chen, Luo and Zhang, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.2 (2016) 
Numerical examples and discussion
Four examples are considered in this section. These examples have the same design parameters except the helical angle, as shown in Tab. 1. 
Tab. 1. Design parameters of worm drive
Meshing area and contact lines
The contact lines and the meshing limit line are observed on IHB gear tooth surface Σ Obviously, the smaller of helical angle, and the better meshing performance of this novel hourglass worm drive.
Local meshing quality
For each example, three calculation points are considered on the contact line, and they are the intersection point of contact line and addendum circle, reference circle, root circle. The local meshing quality may be obtained at the calculation points by using the Eqs. (24), (26), (27) It can also be found that the induced principal curvature increased and sliding angle decreased with the increasing of helical angle. That is to say, the smaller of helical angle and the better of local meshing quality, so the helical angle plays an important role in the local meshing quality.
However, the obtained local meshing quality data illustrate that this hourglass worm drive is with the high load-carrying capacity and good lubrication condition. Because of the different helical angles, the local meshing quality on the right flank is more superior to that on the left flank.
Stress analysis
Stress analysis has been performed on this hourglass worm drive for the purpose of investigation of bearing contact and contact stress. The stress analysis is based on the application of the finite element method by a general purpose computer program (Fuentes, Jose et al. 2011; Fuentes, Ramon et al. 2014) .
By applying the computer program and the IHB gear tooth surface equations Eqs (1) and (2), as well as the TI worm tooth surface equations Eqs (11) and (12), the three-dimensional graphic of the hourglass worm drive with the design parameters of example A can be shown in Fig. 8 . (ii) A rigid surface, called rigid surface II, is defined on the rim of the TI worm. There is just one degree of freedom for the rigid surface II corresponding to the tangential remote with axis z 2 . A moment M 2 is applied at the rigid surface II. In this way, the moment is transferred to the TI worm model through its rigid surface while IHB gear is held at rest.
(iii) Contact surfaces are automatically defined on TI worm and IHB gear teeth for application of the contact algorithm. 11 shows the contact status on the IHB gear tooth surfaces of each example in Tab. 1. In Fig. 11 , the brown area means the sliding area between the IHB gear tooth surfaces and the TI worm tooth surface, and the yellow area means the near contacting area between the IHB gear tooth surfaces and the TI worm tooth surface, as well as the blue area means the far contacting area between the IHB gear tooth surfaces and the TI worm tooth surface.
In Fig. 11 , it shows that there is line contact on each couple tooth between the IHB gear tooth surfaces and the TI worm tooth surface, and the actual contact lines decreases when the helical angle becomes bigger, as well as the actual contact lines in accordance with the theoretical contact lines in Fig. 5 . It also can be found that the near contacting area on the exit tooth surface is bigger than that on the entrance tooth surface, and it in accordance with the induced principal curvature in Fig. 6 . Because of that, the smaller of the induced principal curvature, the closer of contacting area between the IHB gear tooth surfaces and the TI worm tooth surface (Litvin and Fuentes 2004) . The biggest contact pressure on every couple contact tooth of each example are shown in Fig. 12 . It can be found that the biggest contact pressure on the entrance tooth surface is bigger than that on the exit tooth surface, and it also in accordance with the induced principal curvature in Fig. 6 . 
Conclusions
Presented is a precision-power hourglass worm drive via a TI worm meshing with an IHB gear. According on the performed research, the following conclusions might be drawn:
(1) A novel hourglass worm drive characterizes with backlash-adjustable and wear-compensable is proposed. It is consisted of an IHB gear and a TI worm generated by the IHB gear tooth surface, and the material of IHB gear is bearing steel, as well as the material of TI worm is structural steel.
(2) The meshing geometry of this hourglass worm drive is presented, and the theory of backlashadjustable and wear-compensable is confirmed by the careful geometrical study. 
